Interleukin 3-dependent bone marrow and Ba/F3 cells present constitutive Fas expression. A dose dependent increase in Fas surface expression was induced in these cells by X-ray irradiation. Using primary cell cultures and established cell lines derived from p53-null mice (p53
Introduction
CD95 (Fas/APO-1) is a member of the TNF receptor superfamily that mediates apoptosis upon interaction with its ligand (FasL) or with certain cytotoxic antiFas antibodies (Ashkenazi and Dixit, 1998; Krammer et al., 1994; Nagata and Golstein, 1995; SchulzeOstho, 1994) . Fas is constitutively expressed on the surface of many cell types, including activated T and B-lymphocytes (Akagi et al., 1998; Li et al., 1996; Miyawaki et al., 1992) , neutrophils (Iwai et al., 1994) , endothelial cells (Sata and Walsh, 1988) , keratinocytes (Matsue et al., 1995) , liver cells (Strand et al., 1998) as well as in tumour cells (Leithouser et al., 1993) . It has been shown that Fas triggers apoptosis via the activation of the caspase cascade (Ashkenazi and Dixit, 1998) . The identi®cation of the`death domain' sequence in the intracellular region of Fas and TNF receptors demonstrated the engagement of the complex machinery of caspase activation, and more precisely with the initiator caspase-8, in the apoptotic eect (Boldin et al., 1996; Chinnaiyan and Dixit, 1997) . Upon ligand binding, Fas receptor molecules aggregate to form a membrane-bound complex. Clustering of intracellular`death domain' allows the recruitment of several pro-caspase-8 molecules by interaction with the receptor adapter protein FADD (Fas-associated death domain or Mort 1) (Chinnaiyan et al., 1995) . Moreover, it has been proposed that when recruited by FADD, caspase-8 oligomerization allows its autoactivation by self-cleavage (Muzio et al., 1996) , triggering the activation of downstream eector caspases and committing cell to apoptosis.
Bone marrow derived cells constitutively express Fas on the cell surface (Li et al., 1996) . Several stimuli, such as ultraviolet light (Rehemtulla et al., 1997) , ceramide and bleomycin (MuÈ ller et al., 1997) have been reported to induce Fas mediated apoptosis. Fas up-regulation was observed in dierent cell types, indicating that it is not restricted to the hematopoietic lineage (MuÈ ller et al., 1997; OwenSchaub et al., 1995) . It has been suggested that p53 is involved in Fas-mediated apoptosis: up-regulation of Fas expression by chemotherapeutic agents correlates with an increase in p53 expression (Friesen et al., 1996; Fulda et al., 1997; MuÈ ller et al., 1997; Tamura et al., 1995) and recently a p53-responsive element within the ®rst intron of the Fas gene and three putative elements were also found in its 5'¯anking region have been identi®ed (MuÈ ller et al., 1998) .
To study the speci®c role of p53 in Fas activation, Fas surface expression was analysed in bone marrow primary cultures from wild-type and p53 7/7 animals as well as in the IL-3 dependent Ba/F3 (p53 +/+ ) and Bip2 (p53
) cell lines after X-ray irradiation. We demonstrated that at least one functional p53 allele was required to induce Fas up-regulation upon X-ray irradiation. Furthermore, we observed that the ability of IL-3 to rescue IL-3 dependent cells exposed to DNA damaging agents could be related to its inhibitory eect on Fas induction.
Results

Increased Fas surface expression in IL-3-dependent cells induced by X-ray irradiation
Constitutive Fas surface expression is low in Ba/F3 cells. However, in the presence of IL-3, X-ray irradiation of Ba/F3 cells induced an increase in Fas expression in a dose dependent manner, as measured by¯ow cytometry with an anti-Fas monoclonal antibody ( Figure 1a) . The maximal expression of Fas was attained at 48 h post-irradiation and maintained for 3 ± 4 days before returning to basal expression levels ( Figure 1b) . The viability data correlate with Fas expression levels (Figure 1c) , suggesting that high expression of Fas receptors could transduce death triggering signals in Ba/F3 cells.
An increase in Fas mRNA levels preceded the upregulation of Fas cell surface expression. In non irradiated Ba/F3 cells, Fas mRNA was barely detectable, however, at 10 and 20 h post irradiation with 4Gy, a signi®cant increase was observed ( Figure  2 ). In the presence of the transcriptional inhibitor actinomycin D the up-regulation of Fas expression was not detected (data not shown).
We observed that increasing irradiation doses promoted increased cell death. Therefore, in order to study whether it represented a Fas receptor-mediated cell death, irradiated and non-irradiated cells were treated with Jo2 antibody. This cytotoxic antibody has been reported to bind to Fas receptor in a FasL-like manner (Ogasawara et al., 1993) . As shown in Figure  3 , untreated Ba/F3 cells were resistant to the cytolytic eect of Jo2 antibody (24 h incubation); however, in irradiated Ba/F3 cells a signi®cant reduction in cell viability was observed. Moreover, experiments were performed with lpr mice, which lack Fas receptors (Nagata and Suda, 1995) . IL-3 dependent bone marrow primary cell cultures derived from lpr mice were more resistant to irradiation-induced cell death than their wild-type counterparts in experiments performed in the presence of IL-3 ( Figure 4 ). The previous data suggest that cell death induced by X-ray irradiation in IL-3 dependent cells could be mediated by a functional Fas-FasL mechanism.
Fas induction is dependent on the presence of wild-type p53
Previous reports have suggested the involvement of p53 in the regulation of Fas (MuÈ ller et al., 1997) . To examine the role of p53 in Fas induction by X-ray irradiation, IL-3 dependent bone marrow cultures were obtained from homozygous p53-null mice, heterozygous p53 and wild-type littermate controls. Experiments were performed using homogeneous bulk cultures with equivalent proliferation rates grown for 1 month in the presence of IL-3. Cells were p53-genotyped by PCR ( Figure 5a ). The analysis of Fas surface expression by¯ow cytometry at 48 h postirradiation with 4Gy is shown in Figure 5b . As can be observed, Fas expression was increased in p53 +/+ and p53 +/7 bone marrow derived cell cultures; however, no Fas induction was detected in p53 7/7 cultures. These results indicate that Fas induction by X-ray irradiation requires at least one functional wild-type p53 allele. Similar experiments were performed with BIP2, an IL-3-dependent, p53-null cell line (A.S., unpublished data) and, as shown in Figure 5c , Fas expression was not induced in BIP2 cells at 48 h post-irradiation with 4Gy. These data, together with the results obtained with primary cultures from p53 de®cient mice, demonstrate the requirement of p53 in Fas up-regulation induced by ionizing radiation.
Irradiation of Ba/F3 cells in the absence of IL-3 induces an earlier Fas up-regulation IL-3 withdrawal induces a p53-independent cell death in IL-3 dependent cells, which is detectable after 12 h of growth factor deprivation (Collins et al., 1992) . It has also been reported that X-ray irradiation of Ba/F3 cells induces a p53-dependent apoptosis that can be prevented by IL-3 (Collins et al., 1992; RodriguezTarduchy et al., 1990) . We observed that IL-3 withdrawal did not increase Fas expression in Ba/F3 cells ( Figure 7b ). However, considering that Ba/F3 cells could undergo apoptosis by IL-3 deprivation before the up-regulation of Fas expression was detected, experiments were performed with a stable transfectant of Ba/ F3 cells expressing human bcl-2 (bcl-2-15), that is able to survive in the absence of IL-3 (Marvel et al., 1994) . As shown in Figure 6 , Fas up-regulation was not induced in bcl-2-15 cells after 48 h of IL-3 deprivation, however, Fas expression was signi®cantly induced when these cells were irradiated (Figure 6b) . The eect could not be attributed to bcl-2 over-expression because it has been reported that bcl-2 levels are unaected by ionizing radiation (Canman et al., 1995) .
Fas up-regulation is modulated by IL-3
It has been shown that X-ray irradiation in the absence of IL-3 decreases cell viability in IL-3 dependent cells (Collins et al., 1992; Silva et al., 1997) . Consistently, under our experimental conditions, Ba/F3 cells were partially resistant to the eect of X-ray irradiation with 4Gy in the presence of saturating IL-3 (1000 Units/ml) (Figure 7a ). The kinetics of Fas induction in irradiated cells when cultured in the presence or absence of IL-3 was studied. As shown in Figure 7b , Fas up-regulation was accelerated in irradiated cells when deprived of IL-3. This earlier induction of Fas surface expression was correlated with the levels of Fas mRNA detected by Northern blot (Figure 7c) .
These previous data suggest that Fas induction by X-ray irradiation is regulated by IL-3. Therefore, we evaluated the rate of Fas induction by X-ray irradiation in the presence of increasing concentrations of recombinant IL-3. As shown in Figure 8a , the degree of Fas induction was inversely related to the IL-3 concentration; Fas expression levels decreased with increasing IL-3 concentrations. As expected, the increase in Fas expression correlates with a reduction in cell viability (Figure 8b) . Therefore, we conclude that IL-3 regulates apoptosis by reducing the levels of Fas expression in irradiated Ba/F3 cells as a mechanism involved in rescuing cells from apoptosis after Xray irradiation.
IL-3 withdrawal increases p53 levels in response to X-ray irradiation
Our data demonstrate a relationship between p53 and Fas expression after X-ray irradiation of IL-3 dependent cells and the relevance of IL-3 in the regulation of apoptosis. Considering the central role of p53 in DNA damage-induced apoptosis, we investigated the eect of IL-3 withdrawal on the levels of p53 in irradiated cells. Western blot analysis of Xray irradiated Ba/F3 cells show that p53 levels are increased in cells deprived of IL-3 as compared with cells treated in the presence of saturating concentration of IL-3 (1000 U/ml) (Figure 9 ), suggesting that IL-3 withdrawal sensitizes cells for irradiation-induced apoptosis by increasing the amount of p53 which could regulate surface Fas expression.
Discussion
It is widely known that cells can be partially rescued from death when DNA injury is induced by external agents (White, 1996) . Ionizing radiation, among other DNA damaging agents, induces the activation and accumulation of p53, which determines cellular growth arrest, activation of DNA repair mechanisms and, under some circumstances, apoptosis (Canman et al., 1995; Ko and Prives, 1996; Strand et al., 1996) . Dierent mechanisms have been involved in p53-dependent apoptosis, including activation of bax, a pro-apoptotic member of the bcl-2 superfamily (Miyashita and Reed, 1995) and the activation of Fas (MuÈ ller et al., 1998) .
The data presented here demonstrate that X-ray irradiation induces the up-regulation of Fas, both at the mRNA and protein levels. Moreover, this upregulation is p53 dependent because X-irradiated p53 7/7 primary cells and cell lines are unable to upregulate Fas levels. The dependence on functional p53 for Fas induction upon X-ray irradiation directly implicates p53 in the regulation of Fas. This is also supported by data obtained in other experimental systems in which up-regulation of Fas expression can be detected upon transfection of human wild-type p53 in non-small cell lung carcinoma and erythroleukaemia tumour cells (Owen-Schaub et al., 1995) . More recently, the presence of functional p53 responsive elements in the 5'¯anking region of Fas gene has been reported (MuÈ ller et al., 1998) .
These results demonstrate the existence of dierent mechanisms of apoptosis induction by DNA damaging agents and growth factor starvation, since the latter was shown to be p53 independent (Silva et al., 1997) +/7 and p53 7/7 mice were genotyped for p53 by PCR using speci®c primers (see Materials and methods). The 600 bp band corresponds to the ampli®cation product of neo; the 400 bp band ampli®es a region in the wild-type gene. (b) Primary bone marrow cultures derived from p53
+/7 and p53 7/7 mice, cultured for 1 month in RPMI1640/Wehi medium, were X-irradiated with 4 Gy and Fas induction was evaluated by¯ow cytometry (see Figure 1a) ) cell lines cultured in RPMI1640/Wehi medium were irradiated with 4 Gy and Fas expression was detected at 48 h post-irradiation, as in Figure 1a whereas the former requires at least a functional p53 allele. To further strengthen this point, the onset of apoptosis induced by ionizing radiation in Ba/F3 cells, which are IL-3 dependent for growth and survival, could be partially prevented by the presence of IL-3 (Canman et al., 1995; Collins et al., 1992) . In addition, our data show that upon X-ray irradiation, the presence of IL-3 delays the up-regulation of Fas. These results suggest that activation of IL-3-dependent signalling pathways could prevent cell death by either blocking or delaying Fas up-regulation induced by DNA injury and thus provide the cells with the opportunity to repair the DNA damage. The role of protein kinase pathways involved in these processes is currently being investigated. Increased Fas surface expression is attained more rapidly in IL-3-deprived irradiated Ba/F3 cells as compared to IL-3 treated cells. These data are further supported by IL-3 titration experiments, which suggest the requirement for a minimal survival signal delivered through the IL-3 receptor in order to exert its eect. Furthermore, IL-3 deprivation does not aect Fas surface expression levels, neither in Ba/F3 cells, during the time they survive in culture, less than 50 h, nor in bcl-2-15 cell, a clone stably transfected with bcl-2, that exhibits extended survival in the absence of IL-3 (Marvel et al., 1994) .
X-ray irradiation induces the expression of functional Fas receptors at the cell surface, as demonstrated by the fact that they can be triggered by speci®c monoclonal antibodies. The increase in Fas surface molecules could favour the clustering of death domains and the subsequent recruitment of procaspase-8, triggering the caspase cascade of apoptosis (Eberstadt et al., 1997; Huang et al., 1996; Nagata, 1998) . Moreover, IL-3 could modulate this eect by delaying Fas up-regulation.
Other ionizing radiations, such as g-irradiation (Booker et al., 1998; Sheard et al., 1997) or ultraviolet light (Rehemtulla et al., 1997) and anticancer drugs have been shown to induce Fas expression (MuÈ ller et al., 1998; Ruiz-Ruiz and Lopez-Rivas, 1999) . These reports show that g-irradiation-and drug-induced upregulation of Fas is dependent on p53 accumulation, although the direct involvement of Fas up-regulation in the genotoxic eect of these agents on cancer cells is still a matter of controversy.
Taken together, these data suggest that besides the involvement of the Fas/FasL system in the immune response (French et al., 1996; Strand et al., 1996) , Fas activation could play a signi®cant role in eliminating cells with damaged DNA, as supported by the results obtained with tumour cells treated with dierent DNA damaging drugs (Friesen et al., 1996; Fulda et al., 1998; MuÈ ller et al., 1997) . It is also in agreement with other authors who suggest that Fas-FasL system may be involved in cancer cell therapy. They observed that introduction of wild-type p53 in cancer cells containing mutant p53 is able to mediate apoptosis through Fas (Fukazawa et al., 1999) . The molecular mechanisms involved needs further study. However, our results demonstrate both the requirement of functional p53 protein and the critical role of a growth-survival factor in the process.
Materials and methods
Cell cultures and monoclonal antibodies
Ba/F3 (Palacios and Steinmetz, 1985) cells and bone marrow derived primary cells were cultured in RPMI1640 (medium) containing 10% foetal calf serum (Bio-Whittaker Laboratories, UK) and IL-3. IL-3 was supplied as 5% Wehi-3B supernatant or as supernatant containing recombinant IL-3 (AX63 plasmocytoma cells transfected with mouse IL-3) (Warasukama and Melchers, 1988) . Bcl-2-15, a stable bcl-2 transfectant of Ba/F3 cells has been previously described (Marvel et al., 1994) . lpr mice (MRL/MpOlaHsd-lpr) and control mice (MRL/MpOlaHsd) were purchased from Harlan UK (Oxon, UK). Primary IL-3-dependent bone marrow cells were prepared as previously described (Silva et al., 1997) . BIP2 is a bone-marrow derived, IL-3-dependent, p53-null cell line, recently established in our laboratory, which has similar cell growth rate and IL-3 dependence as the Ba/F3 cell line. Cell viability was determined by cell count with Trypan blue exclusion dye (Sigma, St. Louis, MO, USA) and by¯ow cytometry analysis of cells stained with propidium iodide (10 mg/ml in PBS). X-ray irradiation was performed with an X-ray irradiator (Phillips, AG, Germany) with an output of 240 KeV at a dose rate of 0.7 Gy/min. The anti-mouse Fas monoclonal antibody (Jo2) (Ogasawara et al., 1993) and a secondary FITC-labelled anti-hamster IgG antibody were purchased from Pharmingen (San Diego, CA, USA). Flow cytometry analysis was performed with a Coulter-XL analyser.
The plating eciency of cultures from lpr mice or normal littermate control was measured after dierent X-irradiation doses, by plating serial twofold dilution of cells in 96-well plates, starting at 2500 cells per well. The lowest dilution of cells at which less than 30% of wells were positive by microscopic inspection was used to determine plating eciency at each irradiation dose. This was then expressed as a fraction of the plating eciency in the absence of irradiation. Values shown are the mean+standard error of duplicate determination performed with independent cultures. 6 Ba/F3 cells were analysed by Western blot with the anti-p53 antibody Ab7. Cells were irradiated with 4 Gy in the presence or absence of IL-3 (1000 U/ml). The ®gure shows a representative experiment of three performed
